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Employment of the non-trivial proximity effect in Superconductor/Ferromagnet (S/F) het-
erostructures for creation of novel superconducting devices requires an accurate control of magnetic
states in complex thin-film multilayers composing such devices. In this work we study experimentally
in-plane transport properties of micro-structured Nb/Co multilayers. We apply various experimen-
tal techniques for characterization of multilayers, including the anisotropic magnetoresistance, the
Hall effect and the first-order-reversal-curves analysis. We demonstrate that a combination of those
techniques can provide a detailed knowledge of the magnetic state of the multilayer. In particular,
we identify the range of existence of the coherently rotating, monodomain scissor-like state. It is
anticipated, that in this noncollinear magnetic state the unconventional odd-frequency spin-triplet
order parameter should appear. The non-hystertic nature of this state allows reversible tuning of the
magnetic orientation. Thus, we identify the range of parameters and the procedure for controllable
operation of devices based on such S/F heterostructures.
I. INTRODUCTION
Competition between spin-polarized ferromagnetism
and spin-singlet superconductivity leads to a variety of
interesting phenomena including possibile generation of
the odd-frequency spin-triplet order parameter [1–3]. In
recent years this exotic state has been extensively studied
both theoretically [4–18] and experimentally [19–34] in
various Superconductor/Ferromagnet (S/F) heterostruc-
tures. It is anticipated, that this phenomenon can be
employed for creation of novel superconducting devices,
in which supercurrent is determined and controlled by
the magnetic state of the heterostructure, i.e., by the
relative orientation of magnetizations in several F-layers
[19, 20, 23, 24, 26–35].
However, practical realization of such devices is com-
plicated because neither ways of controlling many degrees
of freedom in S/F multilayers, nor even methods for mon-
itoring the magnetic state in S/F micro- or nano-scale
devices are established. The situation is complicated by
a variety of coexisting phenomena in S/F heterostruc-
tures: (i) Both spin-singlet and spin triplet currents with
short and long-range components can flow through the
heterostructures [12]. Therefore, the supercurrent (even
long-range) can not be automattically asscribed to the
spin-triplet order. (ii) The supercurrent strongly depends
on a usually unknown domain structure in F [24, 31, 36],
flux quantization in S [37, 38], both influenced by the size
and geometry. (iii) The long-range spin-triplet super-
current appears only in the noncollinear magnetic state
of S/F heterostructure [5, 9–12]. Therefore, utilization
of this phenomenon for device applications requires ac-
curate determination and control of the micromagnetic
state of micro- or nano-scale devices. A similar control is
needed for operation of a large number of superconduct-
ing spintronics devices, including memory elements and
spin valves [23, 30, 34, 39–43]. This non-trivial task of
obtaining such the control using conventional transport
characterization techniques is the main task of our work.
Here we study experimentally in-plane transport prop-
erties of micro-structured Nb/Co multilayers (ML’s) with
different number of layers and layer thicknesses. Our
main goal is to demonstrate how conventional experimen-
tal techniques can be used for assessment of magnetic
states of small S/F heterostructures and devices. We
study the anisotropic magnetoresistance (MR), the Hall
effect and the first-order-reversal-curves analysis (FORC)
of MR. We demonstrate that a combination of those tech-
niques, performed simultaneously, can provide a detailed
knowledge of the magnetic configuration in the ML. In
particular we can identify the parallel (P), the antiparal-
lel (AP), the noncollinear monodomain scissor-like state
and different polydomain states. Importantly, the scis-
sor state corresponds to the noncollinear magnetic ori-
entation of the ML, in which the unconventional odd-
frequency spin-triplet order parameter should appear.
The non-hystertic nature of this state allows reversible
tuning of the magnetic configuration. Thus, we identify
the range of parameters and the procedure for control-
lable operation of devices based on S/F heterostructures.
The paper is organized as follows. In section II we
describe sample fabrication and layout. In section III
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FIG. 1. (color online). (a) SEM image (top view) of a micro-patterned Nb/Co multilayer. The sample contains 12 contacts
and several horizontal and vertical bridges with the width of few microns. The multiterminal configuration allows simultaneous
measurements of longitudinal and Hall resistances in the four-probe configuration. Panels (b) and (c) show temperature depen-
dencies of the longitudinal resistance Rxx for the same horizontal bridge #3 on a Nb(50 nm)/[Co(1.5 nm)/Nb(6 nm)/Co(2.5
nm)/Nb(6 mn)]3Co(1.5 nm)/Nb(6 nm)/Si ML. Inset in (c) shows a sketch of the contact configuration. Measurements are
made under the same experimental conditions (at zero applied field) but for different prehistories: the curve in (b) is obtained
after zero-field cooling, while the curve in (c) after application of a demagnetizing field sequence ±0.02 T at low T . The yellow
arrow in the inset indicates the direction of positive demagnetizing field.
main experimental results are presented, including: A.
Memory (prehistory) effect on longitudinal resistance; B.
Non-linear flux-flow Hall effect, C. Longitudinal and Hall
MR, D. Anisotropic MR in the normal state and E. First-
order-reversal-curves analysis of MR, followed by Discus-
sion and Conclusions.
II. SAMPLES
We study Nb/Co multilayers with different number of
layers and layer thicknesses. The ML’s are deposited by
magnetron sputtering in a single deposition cycle. The
system allows switching between several targets without
depressurization of the chamber. We use a niobium tar-
get (99.95 % purity) for S-layers (Cooper pair generators)
and as thin interlayer spacers between F-layers, a cobalt
target (99.95 % purity) for deposition of F-layers, and
a pure silicon target (99.999 %) for deposition of seed-
ing bottom layers and protective top layers to prevent
structure oxidation. ML’s are grown on commercial (1
1 1) oriented silicon wafers. Prior to deposition, targets
were precleaned by plasma-etching process for 3 minutes
before starting the deposition cycle and in addition for
1 minute upon switching between targets. The deposi-
tion is performed at room temperature and with water
cooled sample stage. Films thicknesses are defined using
the pre-calibrated growth rates: 3.5 nm/s for niobium
and 0.1 nm/s for cobalt films.
For every set of layers, three identical samples were
prepared simultaneously, of which some were used for
calibration of films etching rates during further process-
ing. ML’s are patterned into micron-scale bridges with
multiple contacts using photolithography and reactive
ion etching. Scanning electron microscope (SEM) im-
age of one of the studied samples is shown in Fig. 1
(a). Multi-terminal geometry of samples allows simul-
taneous four-probe measurements of different segments
of the sample in both longitudinal and transverse direc-
tions. Resistances are measured by the lock-in technique.
More details about fabrication, characterization and ex-
perimental setup can be found elsewhere [24, 34, 43].
III. RESULTS
Measurements are performed in a closed-cycle
3He cryostat with a superconducting magnet. In
all cases magnetic field is applied parallel to the
film plane. Below we present results for two
ML’s with layer compositions (bottom -to -top)
Nb(50 nm)/Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8
nm)/Si and Nb(50 nm)/[Co(1.5 nm)/Nb(6 nm)/Co(2.5
nm)/Nb(6 mn)]3Co(1.5 nm)/Nb(6 nm)/Si (the subscript
3 indicates that the structure in the square brackets is
repeated sequentially 3 times)
III A. Memory (prehistory) effect
Figures 1 (b,c) show measured temperature dependen-
cies of the longitudinal resistance Rxx(T ) for one of the
bridges on a Nb(50 nm)/[Co(1.5 nm)/Nb(6 nm)/Co(2.5
nm)/Nb(6 mn)]3Co(1.5 nm)/Nb(6 nm)/Si ML at zero
applied field. Resistances are measured with a small ac-
current amplitude Iac = 1 µA. A schematic represen-
tation of the structure and the contact configuration is
shown in the inset in Fig. 1 (c). The curves in (b) and
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FIG. 2. (color online). Temperature dependencies of longitudinal (top row a-c) and Hall (bottom row d-f) resistances measured
at different bias currents for the same segment of a Nb(50 nm)/Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)/Si ML at
zero applied field and with the same magnetic prehistory. Rxx and Rxy are measured simultaneously at different ac current
amplitudes (a,d) 10µA, (b,e) 100µA, (c,f) 500µA. Contact configuration is shown in the inset in (a). The non-linear (bias-
dependent) Rxx and Rxy in the transition region indicates flux-flow nature of resistances.
(c) are quite different, although they are measured at the
same bridge under the the same experimental conditions
(zero field, Iac = 1 µA). However, these measurements
have different prehistories.
The curve in Fig. 1 (b) was obtained immediately after
zero-field cooling. It shows a sharp transition at T ' 7.3
K, indicating that superconductivity in the whole struc-
ture appears simultaneously. The curve in Fig. 1 (c)
is measured after applying a demagnetizing alternating
magnetic field at T ∼ 3 K, decaying from ±0.02 T to
zero. It is seen that despite the same measurement con-
ditions, the Rxx(T ) curves in Figs. 1 (b) and (c) are
significantly different. In particular, an additional broad
shoulder develops in Rxx(T ) in Fig. 1 (c) in the range
6.9 K< T < 7.2 K. This clearly reveals the memory ef-
fect: properties of the ML depend on magnetic prehis-
tory. This in turn indicates that superconducting prop-
erties of the ML bridge depend of the particular magnetic
state of the ML established after remagnetization of the
sample.
III B. Non-linear flux-flow Hall effect
Figure 2 shows temperature dependencies of longitudi-
nalRxx (top panels a-c) and HallRxy (bottom panels d-f)
resistances measured at a ML bridge Nb(50 nm)/Co(1.5
nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)/Si. Rxx and Rxy
are measured simultaneously. The curves are obtained
using the same contact configuration, sketched in the
inset of Fig. 2 (a), and the same prehistory, without
changing magnetic field, H = 0, and the state of the
ML. However, measurements are made with different ac-
current amplitudes Iac (a,d) 10 µA, (b,e) 100 µA, (c,f)
500 µA.
We observe that at low and intermediate bias currents,
Figs. 2 (a,b), the main resistive transition occurs at
T ' 8K, corresponding to the superconducting critical
temperature of the bottom 50 nm thick Nb layer. At
lower T = 7.6−7.9 K there is a shoulder in Rxx originat-
ing from 8 nm thin Nb interlayers between F-layers. As
described in the previous section, this shoulder exhibits
a memory effect, see Figs. 1 (b) and (c). However, for
measurements in Fig. 2 the magnetic prehistory has not
been changed and the shoulder in Figs. 2 (a,b) is un-
changed. At high bias, Fig. 2 (c) the resistive transition
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FIG. 3. (color online). Longitudinal (a,c) and Hall (b,d) magnetoresistances for the Nb(50 nm)/[Co(1.5 nm)/Nb(6 nm)/Co(2.5
nm)/Nb(6 mn)]3Co(1.5 nm)/Nb(6 nm)/Si sample. Measurements are done at temperatures corresponding to the shoulder
regions in Rxx(T ) for these bridges. Insets in (a) and (d) show contact configurations and the positive field direction (yellow
arrows). Blue and red curves represent up and down field sweeps, respectively. Three distinct magnetic states can be identified:
The P-state corresponds to the high field state with an intermediate Rxx value, the state with Rxx = 0 at low fields corresponds
to the AP-state, and the high-resistance state in-between, to the domain state. Note, that a flux-flow Hall effect appears in the
domain state, compare panels (a) and (b) and (c) and (d).
is smeared out due to flux-flow phenomenon, i.e., motion
of depinned Abrikosov vortices [44–46].
The key observation from Figs. 2 (d,e,f) is that the
Hall resistance within the shoulder region is non-linear,
i.e., it depends strongly on the bias current, while above
the shoulder, in the normal state it is linear, i.e. indepen-
dent of bias [47]. At low bias and intermediate bias, Figs.
2 (d,e), Rxy changes sign within the shoulder. Such a
behavior is typical for the flux-flow type Hall effect in su-
perconductors [44, 45]. The bias current exerts a Lorentz
force on Abrikosov vortices. At low bias just above the
depinning current, vortices are moving with a small ve-
locity along the Lorentz in the direction perpendicular
to the current and generate the longitudinal flux-flow re-
sistance. The Hall resistance in this case is determined
by small deviations of the vortex path and, therefore,
may easily acquire different signs. With increasing bias,
the vortex velocity increases, leading to appearance of
the Magnus force moving vortices in the direction par-
allel to the current, and thus contributing significantly
to the Hall resistance. At a very large bias, vortices are
supposed to be dragged along the current [46], thus gen-
erating the Hall signal similar to the longitudinal signal
at low bias. This is qualitatively consistent with our ob-
servations. At large bias I = 500 µA in Fig. 2 (f) the
shape Rxy(T ) clearly resembles Rxx(T ) from Fig. 2 (a).
Therefore, observations of the bias-dependent non-linear
Hall effect at the shoulder unambiguously proves the flux-
flow origin of this shoulder. The non-linearity is caused
by the strong bias dependence of the vortex velocity in
the vicinity of the depinning current [45].
Since measurements are done at H = 0, a relevant
question is where from do vortices appear. As discussed
above, the shoulder reagion exhibits rich magnetic pre-
history, most likely caused by rearangement of magnetic
domains in the ML. Therefore, it is natural to assume
that vortices are induced by domain walls in F-layers,
which create out-of-plain field component, sufficient for
creation of vortices [48–51]. Below we will provide addi-
tional experimental data that confirm this scenario.
5III C. Longitudinal and Hall magnetoresistances
Figures 3 (a) and (c) show field dependencies of lon-
gitudinal resistances Rxx(H) for two segments of the
Nb(50 nm)/[Co(1.5 nm)/Nb(6 nm)/Co(2.5 nm)/Nb(6
mn)]3Co(1.5 nm)/Nb(6 nm)/Si ML. Measurements are
done at T = 6.72 K and 6.95 K, respectively, correspond-
ing to the beginning and the end of the shoulder in the
Rxx(T ) curve, see Fig. 1 (c), which explains the dif-
ference in absolute values of Rxx. Up (blue) and down
(red) field sweeps are shown. The hysteresis of magne-
toresistance, Rxx(H), reflects the change of the mag-
netization state of the ML. We can distinguish several
magnetic sates. The state at high field with an inter-
mediate Rxx value apparently corresponds to the P-state
of the ML. The Rxx = 0 state in the middle - to the
AP state, at which the superconductivity is expected to
be the strongest due to partial cancellation of exchange
fields from neighbor F-layers [4–6, 8–10]. Finally, there
are one, Fig. 3 (a), or several, Fig. 3 (b), high resistance
states in-between P and AP states. The origin of those
states is less obvious.
Figs. 3 (c) and (d) represent field dependencies of Hall
resistances measured simultaneously [47]. In all cases
there is a negligible Hall signal for the case Rxx = 0,
confirming that this is the AP-state with cancelled fields.
But, there are clear Hall signals in the high-resistive
states. As follows from the previous section, such the
Hall signal is associated with vortices in S-layers, which
are oriented perpendicular to the film, and are likely cre-
ated by domain walls in F-layers pinching stray magnetic
fields through S-layers [48–51]. The domain origin of this
high-resistive state is consistent with the observed pre-
history effect in the shoulder region, Figs. 1 (b) and (c),
and is further confirmed below.
III D. Anisotropic magnetoresistance in the normal
state
Fig. 4 (a) shows longitudinal MR in the normal state
at T = 9 K > Tc for a micro-bridge from the Nb(50
nm)/Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)/Si
ML. Small but distinct hysteretic maxima in Rxx(H)
for up and down field sweeps can be seen at H '
±(100 − 150) Oe. The smallness of MR is caused by
(i) shunting of the ferromagnetic response by the thick
bottom Nb layer (50 nm) and (ii) by relatively thick Nb
spacers (8 nm) which lead to small exchange coupling
between F-layers. There can be two explanations for
the observed maxima. First, it could be the anisotropic
magnetoresistance (AMR), which exists even in a single
F-layer and is associated with appearance of domains,
misaligned with respect to bias current [52]. Maxima of
AMR occur at the perpendicular orientation of magne-
tization and current. Second, could be the giant MR,
which appears only in coupled spin-valve-type ML’s with
maxima in the AP state.
Due to shunting of the ferromagnetic response by Nb
layers, it is difficult to distinguish the two mechanisms
just by looking at the amplitude and the shape of MR.
However, we can compare characteristic fields with those
observed from MR below Tc, which is shown in Fig. 4
(c) for the same bridge. It is seen that both above and
below Tc the magnetic saturation occurs at Hs ' 300 Oe.
At higher fields the ML is in the monodomain P-state.
Transition to the AP state, corresponding to Rxx = 0 in
Fig. 4 (c), occurs at very small fields, close to zero, con-
sistent with the coercive field value HC ' 30 Oe deduced
for similar unpatterned ML’s films earlier [43]. Maxima
of Rxx(H) below Tc occur at H ' ±(200 − 250) Oe,
which is only slightly larger than in the normal state,
Fig. 4 (a). The field enhancement can be explained by
the screening effect from superconducting Nb spacer lay-
ers [48] and is consistent with earlier observations of such
a phenomenon [52]. Therefore, the field of maximal nor-
mal MR seems to be larger than the field range of the AP
state. This implies that the peaks in the normal state MR
are more likely causes by the AMR, rather than GMR.
Such a conclusion is consistent with results from Ref.
[52] and is also supported by observation of the flux-flow
Hall effect at the maxima Rxx(H) in the superconduct-
ing state, which we associated with domains that inturn
cause appearance of AMR.
III E. First-order-reversal-curves analysis of
magnetoresistance
The first-order-reversal-curves (FORC) analysis is
a powerful tool for in-situ characterization of mag-
netic states in complex ferromagnetic structures [53–55].
FORC analysis starts at the same saturated state. Then
field is swept to a reversal field Hr and measurements are
carried out on the way back to the saturated state. The
experiment is repeated with gradually varying Hr. Re-
cently it has been shown that FORC can be used for the
analysis of magnetic states in S/F ML’s [34]. Essentially
we have to search for appearance of different types of hys-
teresis in the FORC response, which indicate switching
into some specific magnetic states. There are two mech-
anisms for appearance of hysteresis in the ML’s [34, 37].
The major hysteresis is associated with switching in and
out from the magnetostatically stable AP state. Multi-
ple smaller ones are associated with switching between
different domain states, which are also metastable.
Figs. 4 (d-i) represent FORC analysis of longitudinal
MR Rxx(H) for the same micro-bridge. Magnetic field
is swept from above the saturation field H = +500 Oe
down to the reversal field Hr and back to the satura-
tion field. Red lines represent forward curves and blue
- the FORC’s. In Fig. 4 (d) Hr ' +30 Oe and the
6FIG. 4. (color online). Magnetoresistance of a bridge on the Nb(50 nm)/Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)/Si
sample. (a) Normal state MR at T = 9 K. Red and blue curves represent downward and upward field sweeps, respectively.
(b) A sketch of the contact configuration. (c-i) FORC analysis of magnetoresistances in the superconducting state at T = 7.28
K: (c) full range MR, (d-i) FORC’s with sequentially decreasing reversal fields Hr. Development of hysteresis with changing
Hr allows identification of magnetic states. Initially the MR is reversible (d,e) indicating scissor-like coherent rotation from P
to AP state. The first hysteresis appears upon switching to the AP state Rxx ' 0 (f,g). A second hysteresis with high Rxx
appears after switching from the AP state to the domain state (h,i).
FORC is reversible. The non-hysteretic behavior corre-
sponds to coherent monodomain rotation of magnetiza-
tion in neighbor layers in a scissor-like manner [34, 37].
In Fig. 4 (e) Hr = 0 and the FORC starts to show a
tiny hysteresis, which vanishes at H > 50 Oe. In Fig.
4 (f) Hr ' −25 Oe here the forward (red) curve almost
reached zero resistance, characteristic for the AP state,
and the reversal curve (blue) shows a clear hysteresis. In
Fig. 4 (g) Hr ' −50 Oe is in the middle of the Rxx = 0
minimum. The hysteresis of the reversal curve is, how-
ever, identical to that in Fig. 4 (f), which shows that
the state of the ML remains the same. As reported in
Ref. [34] appearance of the initial hysteresis at small
fields is often associated with switching to the AP state.
This is fully consistent with our observation that the ini-
tial hysteresis corresponds to the minimum longitudinal
resistance of the ML.
In Fig. 4 (h) Hr ' −150 Oe at the upturn of Rxx(H)
beyond the AP minimum. Now the reversal curve has
clearly changed with respect to Figs. 4 (f,g), indicating
switching into a different state. Furthermore the range
of hysteresis has expanded to H > 200 Oe and several
additional small switches occur within this range. In Fig.
4 (i) Hr is in the middle of the maximum. The reversal
curve is clearly different from that in Fig. 4 (h), re-
vealing yet another initial state. With further increase
of Hr towards the negative saturation field, the hystere-
sis changes gradually until reaching the saturated state,
shown in Fig. 4 (c). Such a gradual transformation indi-
cates that the ML is in a poly-domain state with many
metastable states.
Thus, from FORC analysis we conclude that upon re-
7magnetization of the ML from the P-state, it first enters
into a coherently rotating, nonhysteretic, scissor state,
after which it abruptly switches into the AP state, stays
in it for a while and then breaks into a poly-domain state,
which gradually turn into the opposite P-state. This
picture is fully consistent with the assessment based on
Hall effect analysis and with earlier FORC analysis of
Ni-based SF1NF2S spin valves made in Ref. [34].
IV. DISCUSSION
The reported here effect of switching from P to AP
state in S/F heterostructures is well known [21, 33–35]
and explained [4–6, 8–10]. In the P state exchange fields
from neighbor F layers add up, leading to a suppression
of superconductivity. In the AP the exchange fields sub-
tract, leading to an enhancement of superconductivity.
Therefore, P and AP states should correspond to high
and low resistances, respectively. The P state occurs at
high fields above the saturation field. Therefore, switch-
ing from P to AP state, upon reduction of field, leads
to reduction of resistance, see Figs. 3 (a,c) and 4 (f,g).
However, in this work we observed that upon remagneti-
zation of the ML’s from AP to P state, yet another state
with resistance higher than in the P-state appears, see
Fig. 3. This state depends on prehistory and causes an
additional shoulder in the resistive transition of the ML,
Fig. 1. Interpretation of this high-resistive state is less
straightforward because it can not be explained solely by
the ferromagnetic response of the ML.
From the analysis of the Hall effect, Fig. 2, we con-
cluded that the high resistive state is associated with the
flux-flow phenomenon in the ML. Presence and motion
of Abrikosov vortices in S-layers increases the overall re-
sistance above that in a vortex-free P-state. FORC anal-
ysis, Fig. 4, demonstrated that the high-resistance state
is split in many small hysteresis steps. This allows identi-
fication of this state as a poly-domain state. Most likely,
Abrikosov vortices are introduced by domain walls with
out-of-plane magnetic field component. This is consis-
tent with observation of the AMR phenomenon in S/F
and F/S/F heterostructures, made previously [52].
Generally, the poly-domain state is unwanted in most
devices based on S/F heterostructures because it is hard
to control. Domains cause an irreversible behavior of the
heterostructure, associated with both the magnetic hys-
teresis and with generation of Abrikosov vortices, which
are pinned at film defects. As shown previously [24],
those two factors may dramatically distort characteris-
tics of S/F devices.
FORC analysis allows a clear distinction of poly- and
mono-domain states in complex magnetic systems [53–
55], including S/F heterostructures. In Ref. [34] this was
demonstrated using out-of-plane measurements. Here
we show that a similar information can be obtained us-
ing in-plain transport measurements, see Figs. 4 (c-i).
From those measurements we can characterize evolution
of micromagnetic states in our structures upon remag-
netization. We observe that the switching from parallel
to anti-parallel state occurs in a mono-domain manner
via reversible coherent rotation, see Figs. 4 (d,e). Micro-
magnetic simulations demonstrate that this is a scissor-
like state with a gradual rotation of magnetizations in
neighbor F-layers in opposite directions [34, 37]. On the
other hand, switching from AP to P state occurs by split-
ting into domains [34]. This leads to appearance of the
irreversible high resistive state with Abrikosov vortices,
nonlinear Hall effect and prehistory dependence.
The nonhysteretic scissor-like state is most interesting
from the point of view of device applications because it
allows controllable and reversible variation of the mag-
netic state of the heterostructure. Moreover, this state
corresponds to the noncollinear magnetic state of the ML
at which the unconventional odd-frequency spin triplet
component of the supercurrent is expected to be induced,
which is central for operation of various devices. There-
fore, the technique, developed in this work, allows iden-
tification of the range of parameters and the procedure
for controllable operation of devices based on S/F het-
erostructures. This is the main result of our work.
CONCLUSIONS
To conclude, we have studied experimentally in-plane
transport properties of micro-structured Nb/Co multi-
layers with different layer composition. We have demon-
strated how conventional transport techniques can be
used for assessment of magnetic states of small S/F het-
erostructures and devices. For this we apply various ex-
perimental techniques, including the anisotropic magne-
toresistance, the Hall effect and the first-order-reversal-
curves analysis. We have shown that a combination of
those techniques, performed simultaneously, can provide
a detailed knowledge of the micro-magnetic state of S/F
multilayers. We have identified the parallel, the antipar-
allel, the mono-domain scissor-like state and a set of poly-
domain states. Importantly, the scissor state corresponds
to the noncollinear magnetic state of the multilayer in
which the unconventional odd-frequency spin-triplet or-
der parameter should appear in the heterostructure. The
non-hystertic nature of this state allows controllable tun-
ing of magnetic orientation. Thus, we identify the range
of parameters and the procedure for controllable opera-
tion of superconducting spintronic devices based on S/F
heterostructures. Essentially we conclude that for mod-
erately small (micrometer-scale) devices controllable and
highly reversible operation can be achieved at fields be-
tween one of the P-states down to the AP state without
entering into the realm of the opposite P state.
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